Transition-metal oxides offer an opportunity to explore unconventional superconductors, where the superconductivity (SC) is often interrelated with novel phenomena such as spin/charge order, fluctuations, and Fermi surface instability (1-3). LiTi 2 O 4 (LTO) is a unique compound in that it is the only known spinel oxide superconductor. In addition to electron-phonon coupling, electron-electron and spin fluctuation contributions have been suggested as playing important roles in the microscopic mechanism for its superconductivity (4-8). However, the lack of high quality single crystals has thus far prevented systematic investigation of their transport properties (9). Here, we report a careful study of transport and tunneling spectroscopy in epitaxial LTO thin films. In the superconducting state, the energy gap was found to decrease as a quadratic function of magnetic field. In the normal state, an unusual magnetoresistance (MR) was observed where it changes from anisotropic positive to isotropic negative as the temperature is increased. A constant charge carrier concentration without any abrupt change in lattice parameters as a function of temperature suggests that the isotropic MR stems from the suppression of spin scattering/fluctuations, while the anisotropic term originates from an orbital contribution. These observations point to an important role strong correlations play in this unique superconductor.
scattering (13) have revealed the significance of d-d electron correlations and short-range spin ordering (14) . Such results are suggestive of existence of nontrivial electron-electron correlations and spin fluctuations in this system. The development of understanding of this system has being hampered by the lack of sample reproducibility and the availability of single crystals or high quality thin films (9, 15, 16) . Recently, high quality epitaxial LTO thin films successfully grown by pulsed laser deposition (PLD) have been demonstrated (17, 18) , thus opening the door to possibilities for systematic experiments on LTO. Here, we present results of transport and tunneling studies on single crystalline-like epitaxial LTO thin films. The suppression of the superconducting energy gap as a quadratic function of magnetic field, and an anomalous crossover of magnetoresistance from anisotropic positive to isotropic negative with increasing temperature have been observed for the first time.
(00l)-Oriented LTO thin films were epitaxially grown on (00l)-oriented MgAl 2 O 4 (MAO) substrates by PLD. Our LTO films consistently display the T c of 11 ± 0.25 K with narrow transition widths of less than 0.5 K. We have found that different films display different residual resistivity ratios (RRR). The films were patterned into Hall-bars to carry out Hall and normal resistivity measurements. Tunneling spectroscopy was performed where Pt-Ir tips were used to make point contacts in the c-axis direction (perpendicular to the film plane) of LTO crystals (19) . Fig. 1(a) shows the resistivity versus temperature curves for samples with two different RRR ratios: it is 6.25 and 3 for samples L1 and L2, respectively. L1 and L2 have similar resistivity values at the room temperature and the same T c. The normal state resistivity of both samples can be fitted to a curve consistent with the Fermi liquid behavior, (gray lines) from 40 K to 120 K with residual resistivity (ρ 0 ) of for L1 and for L2. By sweeping the magnetic field perpendicular to the film surface (B ⊥ ab plane) at fixed temperatures, the Hall resistivity, i.e.
, was extracted, and they are plotted in Fig.   1 (b), where V y is the Hall voltage found by subtracting the transverse voltage in negative field from that in positive field, and t is the thickness of the film. In the normal state, the Hall resistivity is always proportional to the magnetic field, positive and temperature independent, strongly suggesting the presence of one type of charge carrier (holes) and a simple electronic band structure. The charge carrier concentration is calculated assuming a parabolic band structure, i.e., the Hall coefficient = , and L1 and L2 have almost the same hole The point contact measurements were carried out on L1 before it was patterned into a Hall bar for transport measurements. As described by Blonder, Tinkham, and Klapwijk (BTK) (20) , the tunneling regime is achieved for Z > 1, where Z represents the tunneling barrier height and the Fermi velocity mismatch (21) . The differential conductance spectrum shows a clear temperature and field dependent coherence peak. The normalized differential conductance spectra with and without applied magnetic field are shown in Fig. 2 (a), 2(c) and Fig. S2 as a function of bias voltage ( Figure S1 shows a raw conductance curve taken at 2 K). The normalized experimental curves (black points) were fitted (red lines) using a modified BTK model with a complex energy E ' = E + iΓ (22) . The broadening Γ term, which takes into account sample inhomogeneity or a finite quasi-particle lifetime by scattering, is temperature independent in zero field, but application of magnetic field was found to lead to an additional pair breaking factor (23) , which in effect is akin to increasing Γ (24).
Several key points could be made from the fitting to our tunneling spectra. First, the Z value of our Pt-Ir/LTO junction is ~ 2.4, which is independent of temperature and field. Secondly, zerofield spectra give a constant Γ of ~ 0.94 meV (Fig. S3 ), but data in field have to be fitted with an increasing Γ as the field is increased (Fig. S4) . Thirdly, the temperature dependence of the superconducting energy gap can be fitted well with the BCS theory [ Fig . As a result, the B c2 can be extracted from the point contact spectra, and it is B c2 (2K) ~ 16 T.
We also employed a two-channel method derived from the BTK model to fit our experimental data (25) . In this method, the pair-breaking effect by field is considered as a normal channel (N) superposed onto the superconducting channel (S (25) . In this case, the relation, ∆ (B) ~ -B 2 , is also held as seen in Figure 2 (d). However, we realize that so far no theory can account for such simple relation. When B is close to B c2 , the filed dependent gap could be analytically expressed as , where represents the averaged energy gap taking into account the effect of vortices, and Ψ 2 is the first derivative of the digamma function with A the pair breaking parameter proportional to B when B ⊥ ab plane (26, 27) . But, even in this simplified case, pure quadratic field dependence of superconducting energy gap could not be deduced. Future theoretical effort is needed to understand the above relation and also the universal α value.
From the above transport and tunneling data, we were able to extract key parameters for LTO. The Ginzburg-Landau coherence length, the size of the vortex core in type II superconductor is We compared these parameters to those obtained from previous reports on LTO. Only T c and values have been previously reported on thin films (17) , and the other quantities were from the magnetic susceptibility (15), Andreev reflection (12) , and specific heat (8) measurements on polycrystalline samples. As seen in Table 1 , the values obtained in the present work are consistent with those from previous reports. Note that in polycrystalline samples, the grain boundaries prevent accurate calculations of the electric transport measurements due to boundary scattering, but the parameters could be extracted from heat capacity and susceptibility data. These values indicate that the nearly free electron model can capture the main physics of the LTO system.
In the normal state, however, we observe an anomalous MR behavior. Figure 3(a) illustrates the field dependent MR in sample L1 when B ⊥ ab plane. The MR gradually decreases from positive to negative with increasing temperature, and a crossover is observed at ~ 40 K. In the inset of Figure 3(a) , the MR is plotted as B 2 . The positive MR is proportional to B 2 whereas the negative MR is not. In the case of B ⊥ ab plane, both orbital and spin effects can contribute to MR, and thus, in order to discern the different contributions, additional measurements were carried out where the field was also applied in the film plane with B // I (parallel to current) and B ⊥ I (normal to current). In Fig. 3(b) , the temperature dependence of MR is plotted for both L1 (gray symbols) and L2 (red symbols). The negative MR is independent of the field directions, but the positive MR displays strong anisotropy, i.e. MR (B ⊥ ab plane) > MR (B // ab-plane, B ⊥ I) > MR (B // ab-plane // I). Moreover, MR changes its sign when B // I as seen in Figure 4 (a).
We also notice that ρ(T) in zero field deviates from the Fermi liquid behavior below 40 K, as seen in Fig. 4(b) . The discrepancy between the experimental data and the fitting curve, i.e. , diverges as -lnT and saturates at lower temperatures. The inverse magnetic susceptibility data were also measured [ Fig. 4(c)] , and a notable contribution to the susceptibility (corresponding to a drop in χ -1 ) was also observed below ~ 40 K. The above data collectively point to the presence of a magnetic transition with a characteristic temperature T ch of ~ 40 K.
MR can in general result from charge, orbital, or spin interactions, as well as interactions among the three (2) . First of all, the constant Hall coefficient and smooth evolution of the c-axis lattice parameter (SI text) excludes the presence of charge density waves, which normally affects the Hall coefficient (28) . Secondly, the anisotropic and B 2 -dependent positive MR as though it is due to a conventional orbital contribution. Thirdly, the negative MR is isotropic which can be a spin scattering effect.
It is intriguing that MR changes its sign at T ch when B // I. In antiferromagnetic metals, a sign change in MR is expected theoretically at the Neel temperature due to the s-d electron interaction (29) . However, this idea is based on the long range antiferromagnetism, and the change in sign from negative to positive is expected to be discontinuous contrary to the observed behavior in LTO here. The LTO system has a frustrated Ti sublattice containing equal numbers of Ti 3+ and Ti 4+ , and thus a long range antiferromagnetic ordering is unfavorable (14) . Antiferromagnetic spin fluctuations have not been directly observed in LTO. The previous work on polycrystals (15) reported that the susceptibility was a Curie-Weiss-like at low temperatures, and attributed it to the presence of local paramagnetic Ti 3+ moments. For our thin film samples, a similar drop in χ -1 at low temperatures was also found [ Fig. 4(c) ], but we cannot tell whether it is Curie-Weiss-like or not due to the fact that it is difficult to cleanly separate a possible signal from the substrate. The emergence of short-range antiferromagnetic ordering has been reported in V-doped LTO by nuclear magnetic resonance (30) and in LiV 2 O 4 by inelastic neutron scattering (31) . Perhaps, a new theoretical study is in order as to whether local spin scattering or fluctuations could result in a smooth change of the sign of the MR.
Another possible explanation of the present MR behavior is grain boundary scattering. If the mean free path (l) is comparable to the grain size (z), the MR may change its sign. In this case, the electric transport will include intrinsic intra-grain transport as well as scattering from grain boundaries. The mean free path of the "clean" sample (L1) is 1.84 nm in the zero temperature limit, which is only about 2 unit cells of the LTO lattice. Therefore, it is unlikely that the grain boundary effect is playing a dominant a role. Instead, it is perhaps a breakdown of the IoffeRegel rule which takes place at high temperatures, as in the case of cuprates (32) . Other effects such as suppression of superconducting fluctuations and spin-orbit coupling may also contribute to a positive MR (33) . The former needs a wide temperature range of superconducting fluctuations which seems unlikely. The latter is beyond the immediate scope of the present discussion, and it would require further experiments in future.
In conclusion, the fundamental properties of our LTO films are consistent with previous work on polycrystalline samples: we observe one type of charge carriers and a value consistent with a medium-coupling BCS superconductor. We find that the main physics could be captured by the nearly free electron model. However, we find two new and distinct features in this system. In the superconducting state, a scaling law, ~ B 2 at T < T c , is extracted from our point contact spectra.
This simple relation has not been predicted by any theory as yet. In the normal state, anomalous MR which crosses over from isotropic negative MR to anisotropic positive MR with decreasing temperature is observed. The isotropic MR stems from spin effects whereas the anisotropy originates from orbital contributions. These results confirm that electron-electron correlations/spin fluctuations are crucial to the understanding of the behavior of this unique system. The quantities in the present work were obtained from the transport and tunneling results on sample L1. Since most of the earlier studies were carried out on polycrystalline samples, the parameters such as carrier density (n), effective mass (m * ), and density of states (N(E F ): states/eV.atom) were from previous magnetic susceptibility measurements using nearly free electron approximations (15) . The mean free path (l) was calculated from the specific heat data (8) . We compare the Ginzburg-Landau coherent length (ξ GL ) to the value reported by another thin film study (17) , and the superconducting energy gap (∆) to the value obtained from an Andreev study on polycrystalline samples (12) .
